INTRODUCTION 1
A new power-based microscopic fuel consumption model entitled the Virginia Tech 2
Comprehensive Power-based Fuel Consumption Model (VT-CPFM) was developed in order to 3 provide reliable fuel consumption estimates and convenience of easy calibration [1] . Specifically, 4 the VT-CPFM can be easily implemented in systems that require use of a microscopic-level fuel 5 consumption model including microscopic simulation software and eco-cruise control systems. 6 The newly developed model meets the requirements for the predictive eco-cruise control system 7 in the sense that it overcomes two major drawbacks of existing fuel consumption models. First, 8
the VT-CPFM model does not produce a bang-bang control system while the existing fuel 9 consumption models do. Second, the VT-CPFM model is easily calibrated using the 10 Environmental Protection Agency (EPA) city and highway fuel economy ratings and publicly 11 available vehicle and roadway pavement parameters, thus it does not require in-laboratory or 12 field data collection that is typically required to calibrate existing fuel consumption models [1] . 13
The VT-CPFM was validated regarding instantaneous fuel consumption measurements, 14 trip fuel consumption estimates, and optimum cruise speeds. For the validation of instantaneous 15 fuel consumption measurements, one light-duty truck (Ford Explorer) and two light-duty 16 passenger cars (Saturn SL and Honda Accord) were tested on three drive cycles on a chassis 17 dynamometer: 1) the arterial level of service (LOS) A cycle, 2) the LA92 cycle, and 3) the New 18
York cycle [1] . The plots of the measured and estimated fuel consumption rates demonstrated an 19 good agreement. The VT-CPFM seemed to overestimate some fuel consumption rates for the 20 New York cycle, but the model estimation generally provided high coefficients of determination 21 (94% to 98%) compared to the measured fuel consumption rates. For the validation of trip fuel 22 consumption estimates, the aggregated total fuel consumed by the three vehicles on 16 drive 23 cycles that represented different roadway types and different levels of congestion was compared 24 to the VT-CPFM estimates. The comparison showed an ideal fit between the model estimates 25 and the field measurements. Finally, the VT-CPFM was found to be consistent with the VT-26
Micro predictions of optimum cruise speeds and produced the same bowl-shaped curve as a 27 function of vehicle cruise speed. 28
The VT-CPFM provides reliable estimates compared to the field-measured fuel 29 consumption rates. However, the aforementioned validation efforts mostly relied on chassis 30 dynamometer tests and predefined drive cycles. Given that the objective of the VT-CPFM 31 development is to use the model as a critical component for eco-friendly systems such as 32 predictive eco-cruise control systems (ECCs), it would be beneficial to assess its performance on 33 actual roadways under real-world driving conditions. Furthermore, the performance evaluation is 34 meaningful in the sense that fuel consumption rates under manual and conventional cruise 35 control driving conditions may be of interest. Therefore, the objective of this study is to quantify 36 the performance of the VT-CPFM considering various vehicles on real roadway sections under 37 either manual or conventional cruise control driving conditions. 38
In terms of paper layout, the overview of the VT-CPFM is provided in the first section. 39
The field test efforts are then described, focusing on the experimental design and the calibration 40 of the VT-CPFM parameters for the test vehicles. Next, given the calibrated models, the VT-41 CPFM is validated with regard to the estimation of instantaneous fuel consumption rates and fuel 42 economy values. Finally, the summary findings and conclusions are presented. 43
OVERVIEW OF THE VT-CPFM 1
A second-order polynomial model was used as the framework of the VT-CPFM because the 2 relationship between fuel consumption rates and positive power conditions collected by an 3
Onboard Diagnostic (OBD) reader were demonstrated to be convex as shown in Figure 1 . 4 Consequently, two simple power-based fuel consumption models were proposed as second-order 5 polynomial models as formulated in Equations (1) and (2). The framework provides two merits: 6
1) It does not result in a bang-bang control and 2) The model can be calibrated using the EPA 7 city and highway cycles [1] . 
, and (1)
Where α 0 , α 1 , α 2 and β 0 , β 1 , and β 2 are vehicle-specific model constants that are calibrated for 13 each vehicle, and ω idle is the engine idling speed (rpm). In the case of the VT-CPFM-1 model the 14 power exerted at any instant t is computed using Equation (3). 15
As can be seen in Equations (1) 
Here P mfo is the idling fuel mean pressure (400,000 Pa); ω idle is the idling engine speed 1 (rpm); d is the engine displacement (liters); Q is the fuel lower heating value (43,000,000 J/kg 2 for gasoline fuel); N is the number of engine cylinders; F city and F hwy are the total fuel consumed 3 for the EPA city and highway drive cycles (liters), respectively (computed using Equations (5) 4 and (6), respectively); T city and T hwy are the durations of the city and highway cycles (1875s and 5 766s, respectively); and P city and P 2 city are computed as the sum of power and power squared 6 exerted each second over the entire cycle (computed using Equations (7) and (8) 
Once α 0 is computed, the remaining two model coefficients (α 1 , α 2 ) can be estimated 3 using the fuel economy ratings for the EPA city and highway drive cycles. As shown in Equation 4
(13), the two variables α 1 and α 2 can be computed by solving a system of two linear equations as 5 
The VT-CPFM-2 model that was presented earlier in Equation (2) can be calibrated in a 6 similar fashion. The engine speed coefficient is computed as 7
The two remaining parameters can then be calibrated using the EPA fuel economy ratings 8 for the city and highway cycles using Equations (15) 
All terms are similar to the earlier definitions except for the ω city and ω hwy parameters that 10 are computed using Equations (17) and (18). 11
EXPERIMENTAL DESIGN AND VT-CPFM CALIBRATION 12

Collection of Field Data 13
Experiments were conducted on a section of Interstate 81 between mile markers 118 and 132 in 14 order to collect fuel consumption rates under actual driving conditions. Where FE is the fuel efficiency in mi/gal, v is the velocity of the vehicle in miles per hour 33 (mph), s is the stoichiometric ratio, d is the density of fuel in grams per gallon, and a is the mass 34 air flow in grams per hour.
35
The experiments were conducted during off-peak hours between 9 a.m. and 3 p.m. in 36 order to reduce conflicts with other vehicles and secure freedom of driving. Each vehicle was 37 driven 10 times (circulations between mile markers 118 and 132) by two different drivers: five 38 times with the CCC enabled and five times with the CCC disabled. Consequently, four data sets 39 were obtained for each vehicle: the northbound with and without CCC enabled and the 40 southbound with and without CCC enabled. There was an exception with the Toyota Camry due 41 to a roadway maintenance event. Only six circulations were completed, and the last of the 42 experiments could not be conducted due to the limited use of the roadway. The drivers 43 participating in the study were educated about the overall procedures before the experiments. 44
Specifically, the drivers were directed to maintain the highway speed limit of 65 mph in a typical 1 driving manner while the CCC was not used (manual). However, some deviations from the target 2 speed were allowed as needed in order to secure the driver's safety. For the CCC driving 3 experiments, the target speed was also set to 65 mph. The drivers were allowed to turn off the 4 CCC system for their safety as needed. 5
The specifications of the test vehicles were gathered using publicly available data sources, 6 which included the vehicle manuals, the official sites of the vehicle manufacturers, and other car 7 review sites [4] . Additionally, information about the vehicles was retrieved using the vehicle 8 identification numbers (VINs) [5] . The specification information collected from different data 9 sources was verified before calibrating the coefficients of the Virginia Tech Comprehensive 10
Power-based Fuel Model (VT-CPFM). For cases in which the specifications could not be 11 obtained from the aforementioned sources, typical values were used during the calibration [6]. 12
These included the coefficients of roadway friction and the coefficients of rolling resistance. 13
The specifications that were used to calibrate the VT-CPFM models are shown in Table 1  14 along with the data sources. The VT-CPFM parameters were calibrated using a calibration tool 15 that was developed in the MATLAB environment and described in detail in the literature [1] . 16 
18
VALIDATION OF THE VT-CPFM 19
Instantaneous Fuel Consumption Rates 20
Given the calibrated VT-CPFM parameters, the fuel consumption estimates and measurements 21 were compared to validate the performance of the VT-CPFM and the calibration procedure. In 22 order to calculate the instantaneous fuel consumption rates, the power levels were first computed 1 given that they are required as inputs to the model. Roadway grade, which is used to compute the 2 grade-resistance force, was initially calculated using the x, y coordinates and height signals 3 collected by the GPS unit. However, the resolution of the GPS height signal was found to not be 4 sufficiently accurate for computational purposes. Thus, higher resolution geographical data were 5 obtained from NAVTEQ and were used to compute the grade-resistance force. 6
Given the field-measured fuel consumption rates and model estimates, the quality of the 7 fuel estimates were first assessed using scatter plots. Specifically, the field-measured fuel 8 consumption rates were plotted along the x-axis, and the model estimates were plotted along the 9 y-axis. A regression line was then fitted to the scattered data points so that one can visually 10 determine the level of match to the field observations, as illustrated in Figure 2 . Note that the 11 regression line was forced to intersect with the origin (0, 0) when fitting to the data. The slope of 12 the line indicates whether the VT-CPFM overestimates or underestimates the field measurements. 13
The coefficient of determination indicates the degree of error that the model produces. The instantaneous estimated and measured fuel consumption levels for each of the trips 22 (i.e., the speed profiles along the study section) are compared and summarized in VT-CPFM-1 models were generally greater than those estimated by the VT-CPFM-2 models. 28
The VT-CPFM model estimates for the SAAB 95 and the Mercedes R350 appeared to be 29 overestimated. However, their R 2 values were still very close to 1, demonstrating that the models 30 provided ideal estimates that follow the same trends as observed from the OBD reading estimates. 31 Figure 3 shows that the fuel estimates follow the same peaks and valleys observed during 32 the field measurements, although the fuel consumption rates estimated by the Mercedes R350 33 model are higher than the fuel measurements. Overall, the VT-CPFMs were shown to provide 1 ideal estimates given that the R 2 values were very close to 1. All R 2 values were greater than 0.85. 2
Specifically, the profile shown in Figure 3 (b) is one that has the lowest R 2 values, but still shows 3 a good match to the field measurements. 4 
Comparison of Fuel Economy Ratings 7
The fuel economy values estimated using the VT-CPFM models were compared to the field-8 measured values to determine the level of consistency at the aggregate trip level. The average 9 fuel economy values and relative differences are summarized in Table 3 . Given that some of the 10 models overestimated the fuel consumption levels, the estimated fuel economy rates were lower 11 than the field measurements. Specifically, the differences in fuel efficiency estimates between 12 the VT-CPFM-1 model and OBD estimates ranged from -36 to +11 percent, while those of the 13 VT-CPFM-2 model ranged from -30 to +36 percent. Consequently, it appears that the VT-14 CPFM-2 model produced greater differences as compared to the field measurements. 15 2 Given that the fuel consumption models are used for comparison of alternative scenarios, 3 the fuel economy estimates are compared in terms of relative differences. In other words, it is 4 important to evaluate the effectiveness of the models in identifying the optimum scenario. For 5 this analysis, the manual and CCC driving scenarios were compared with regard to fuel economy. 6
Additionally, driving on Interstate 81 northbound and southbound were compared. The fuel 7 economy values that were averaged across all vehicles by the driving direction and the driving 8 mode are summarized in Table 4 . The field data indicate that the fuel economy was 4.1 percent 9 greater when the CCC system was engaged, demonstrating that the CCC driving is better than 10 manual driving in terms of fuel economy. The VT-CPFM-1 and -2 model estimates also 11 demonstrate that the CCC driving is better than manual driving with regard to fuel economy (2.3 12 and 1.8 percent improvement, respectively). 13
The field data showed that the fuel economy of driving along the northbound test section 14 of Interstate 81 was 73.8 percent greater than driving in the southbound direction. The VT-15 CPFM-1 and -2 model estimates also resulted in consistent outcomes given that the fuel 16 economy values for driving along the northbound direction were estimated to be 71.1 and 61.9 17 percent greater, respectively, as illustrated in Figure 4 . Consequently, the models appear to 18 produce realistic and consistent conclusions as would be derived from field measurements. 19 
Figure 4: Comparison of Field Data with the VT-CPFM Estimates 2
Calibration of Model Parameters using Instantaneous Field Measurements 3
Since the VT-CPFMs, which are calibrated using the EPA ratings (referred to as EPA models 4 hereafter), tended to overestimate fuel consumption levels, the calibration of the models was also 5 conducted using the second-by-second OBD-gathered data (referred to as Field models hereafter) 6 in order to ascertain the reason for these differences. Thus, the VT-CPFM parameters were 7 calibrated using the instantaneous field measurements, as shown in Figure 5 . Specifically, the 8 field-measured fuel consumption rates were plotted versus the vehicle power estimates. A 9 second-order polynomial was then fitted to the data. As seen in the figure, the EPA models for 10 the Saab 95, the Mercedes R350, and the Chevy Malibu appear to be inconsistent with the field 11 measurements while the Field models fit well to the measurements. These inconsistencies could 12 be attributed to errors in estimating the instantaneous fuel consumption measurements assuming 13 the fuel-to-air ratio is stoichiometric. Given that the errors appear at the high engine loads when 14 the engine is running rich. 15
The differences in the fuel estimation are demonstrated in Figure 6 which features scatter 16 plots and fuel consumption rates across the distance traveled. The scatter plots show the fuel 17 consumption rates estimated by each of the EPA and Field models for the Mercedes R350 across 18 the fuel consumption measurements. As can be seen in the figure, the Field model shows a 19 significant improvement in the fuel estimation when compared to the EPA model. The subplots 20 (c) and (d) also demonstrate that the fuel consumption estimated using the Field model is 21 consistent with the field measurements. Given that the Field models fit the field measurements adequately, the city and highway 1 fuel economy ratings were re-estimated by running the vehicle on the EPA drive cycles. The 2 results demonstrate significant differences in the fuel economy ratings for some cases, as 3 demonstrated in Table 5 . For example, the highway fuel economy of the Mercedes R350 is rated 4 at 21.0 MPG by the EPA, but is estimated at 29.6 MPG by running the Field model on the EPA 5 drive cycles. These results reveal that for some of the vehicles the EPA fuel economy ratings 6 EPA are not consistent with what was observed in the field. These differences can either be 7 attributed to errors in the computation of the fuel rates based on the fuel-to-air ratio 8 stoichiometric assumption, or could be attributed to errors in the EPA ratings, or errors in both. 9
Regardless of the source of error, the objective of the study was to determine if the use of 10 consistent EPA ratings with field measurements would result in good model predictions using 11 the proposed calibration procedure. Consequently, in order to resolve this inconsistency the OBD 12 fuel estimates were assumed to be correct and the EPA ratings were adjusted to match the field 13 measurements. 14 
16
In order to ascertain that the VT-CPFM framework is valid, the VT-CPFMs (referred to  17 as Recalibrated models hereafter) were calibrated using the fuel economy ratings estimated based 18 on the field measurements using Equations (4) through (7) then compared to the instantaneous 19 field measurements. Once both sets of the models were consistent with each other with regard to 20 the fuel consumption estimation, it was concluded that the structure of the VT-CPFM is valid 21
and that the calibration procedure is also valid. As can be seen in Figure 5 , the Recalibrated 22 models fit the field measurements well, as do the Field models. Additionally, the slopes and R 2 23 values of the regression lines are fitted to the scatter plots of the fuel estimates computed by the 24 Recalibrated models and the field measurements are as close to 1 as those of the Field models. 25
The average slopes and R 2 values are summarized in Table 6 by test vehicle and model. As seen 26
in Table 6 , the Recalibrated models show a significant improvement in the fuel consumption 27 estimation when compared to the EPA models. In other words, it can be concluded that the 28 structure of the VT-CPFM provides a practical, valid method to estimate fuel consumption rates. 29
In addition the source of error for some of the vehicles appears to arise from inconsistencies in 30 EPA fuel economy ratings and those estimated using the field measurements. 31 
SUMMARY FINDINGS AND CONCLUSIONS 3
The study validated the VT-CPFMs by comparing field-measured fuel consumption rates with 4 model estimates. From the comparison results, the VT-CPFMs calibrated using the EPA city and 5 highway fuel economy ratings are proven to generally provide reliable fuel consumption 6 estimates. More importantly, both estimates and measurements have the same behavioral 7 changes depending on engine load conditions. The study shows that the values of the coefficient 8 of determination are close to 1.0, demonstrating the validity of the VT-CPFM. The proposed 9 model can be integrated within a traffic simulation framework to quantify the energy and 10 environmental impacts of traffic operational projects. Furthermore, the proposed models can be 11 used to develop predictive ECC systems and can be easily calibrated using publically available 12 data. 13
